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Abstract 
The cyclic deformation behavior of ultra fine grained copper after 7 cycles of accumulative roll bonding (ARB) have been 
systematically investigated under both load controlled and total strain controlled tests. The composite microstructure found in the 
as-ARBed samples has lead to unique behavior of this material. Cyclic softening as well as cyclic creep has been observed in 
asymmetrical cyclic tests. Grain coarsening was observed under both load controlled and total strain controlled tests. Cyclic 
softening behavior has been attributed to the grain coarsening phenomenon in the material. Surface damage due to shear banding 
was found to be the major failure mechanism. In addition, the coarsened grains have been detected to locate near and along the 
pre existent shear bands. The coarse grains already formed during the ARB-processing were shown to accommodate cyclic 
plastic strain by the formation of slip bands in their interior.  
 
Keywords: Ultra-fine grains; accumulative roll-bonding; grain coarsening; shear banding; cyclic deformation. 
1. Introduction 
The deformation mode of materials with the decrease of grain size into the sub-micron range, i.e. ultra-fine (UF) 
and nanocrystalline (NC) regime, is often reported to differ noticeably from those of their polycrystalline 
counterparts, e.g. ref. [1-5].  With the drive to reduce grain size to the UF and NC regime to take advantage of the 
strength improvement, it has become imperative to study the mechanical behavior of these UF and NC products. 
The task becomes more complicated with the varying effect on the behavior due to the processing method involved, 
as it greatly affect the resulting microstructure and therefore the properties of the product as well. Fortunately, 
similarities in behavior can generally be found between different materials processed under the same category. One 
of the more prominent categories for producing bulk UF and NC products is Severe Plastic Deformation (SPD). 
Under this category two processes have often been the focus of research, they are Equal Channel Angular Pressing 
(ECAP) and Accumulative Roll-Bonding (ARB).  
 
Few reports are available, if any, on the cyclic behavior of ARB material. However a decent number of reports on 
the cyclic behavior of ECAP materials are available. It is expected that some similarities could be found between 
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ECAP and ARB materials’ behavior due to the severe plastic deformation involved in both processes, and therefore 
study on ECAP materials can serve as a good reference for the present study. The behavior of these UF and NC 
grain materials is expected to be different from their conventional grain size counterparts, as Wang et al. [1] have 
shown that classic dislocation theory no longer describes the behavior well when grain size is decreased to such a 
level. Glazov and Laird have also shown that conventional dislocation patterning cannot exist within these UF 
grains due to the grain size being smaller than the equilibrium distance of conventional dislocation patterning [6].  
Surface damages resembling those of shear bands in ECAP copper samples have been reported after cyclic loading 
[6-13]. Furthermore, Wu et al. [14] and Höppel et al. [15] have reported the formation of macro-shear bands, which 
consists of coarsened and rotated grains. It has been suggested that the process of grain coarsening and grain rotation 
within these macro-shear bands as well as in their vicinity may be one of the possible mechanisms responsible for 
the cyclic softening behavior that have been often reported in SPD processed UF grained copper [13,16,17].  
 
In this study, first the cyclic deformation behavior of UF grained oxygen free high conductivity (OFHC) copper 
produced by the Accumulative Roll-Bonding (ARB) process will be discussed. The details of the ARB process will 
not be discussed in this study due to the limited space, readers are referred to previous reports such as by Saito et al. 
in ref [18,19]. Furthermore, the microstructure-cyclic deformation behavior relationship will also be discussed. This 
study will focus on OFHC copper sheets after 7 cycles of ARB, since the UF structure fully develops after the 6th 
cycle of ARB [20,21]. 
2. Experimentals 
Sheets of OFHC copper after 7 cycles of 1 mm thickness were received and cyclically tested. For comparison, 
testing was also performed on samples of the same material but annealed at temperatures ranging from 50-150oC for 
1 hour.   
 
Load and strain controlled tension-tension cyclic loading tests were performed on a MTS load frame with a 
servo-hydraulic actuator under both load and total strain control mode. A clip-on extensometer was used for all tests. 
Samples were design based on ASTM E8 sub-size sample further reduced to 50%. In both control modes, a 
sinusoidal waveform was used, and all tests continued until fracture or upon reaching 105 cycles. Specific 
parameters under load controlled tests were:  a peak stress equaled to 90% of the sample’s yield strength, at a 
frequency of 1 Hz, stress ratio (R) of 0.05. The specimens yield strength values were obtained from previous tensile 
testing on the same set-up.  In the case of strain controlled tests, a fully reversed waveform was used under a 
constant total strain range. The total strain amplitudes used in the current study ranged from 1.7 x 10-3 to 4.1 x 10-3. 
A frequency of 0.5 Hz was used to ensure greater accuracy of control. At least 2 consistent tests were performed for 
each condition presented.  
  
Electron channeling contrast imaging (ECCI) was performed with a Hitachi SU-6600 analytical SEM.  For such 
investigation, the gauge length of the samples were mechanically polished and electrochemically polished in 30% 
phosphoric acid followed by ion milling in a Hitachi flat ion milling system to remove surface contamination as well 
as any remaining residual deformation. This would provide a light ion etch to the specimen surface. ECCI 
observation was performed before and after cyclic loading. 
 
TEM analysis was performed on a FEI Tecnai 20, 200kV TEM system. Thin foil specimen were prepared using a 
twin jet electro-polishing system with the same electrolyte used for electro-polishing. Thin foils were prepared after 
cyclic loading from the gauge length of the samples.  
3. Results 
3.1. Microstructure Observation of ARB Copper 
Figure 1 shows the microstructure from the planar and long transverse view of the as-received 7 cycles sheets 
under both TEM and ECCI. From the TEM micrographs, the main microstructure of the as received samples  
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Figure 1: Initial microstructure of the as-received 7 Cycles ARB OFHC copper plates under the TEM from the (a) planar view, (b) 
long transverse view, as well as under the SEM with the use of ECCI technique from the  planar view (c), and long transverse view 
(d).  Shear bands originated from the ARB process are arrowed in (d). 
Figure 2: Higher magnification micrograph of an as received 7 Cycles sample demonstrating the composite nature of the 
microstructure 
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resembles pan-cake shaped grains. The average grain size in the planar dimensions has been determined to be 862 
nm, whereas the average thickness of the grains has been determined to be 295 nm. Furthermore, the microstructure  
consists of many dislocation debris and dislocation structures within the confines of the high angle boundaries 
Figures 1(a) and (b). The lower magnification view offered by the ECCI technique shows the overview of the 
structure that consists of three components of different grain sizes. The details of such composite-like structure are 
revealed in Figure 2 at a higher magnification: (i) The matrix: consisting of the pancake shaped UF grains described 
above, (ii) At the ARB layer interfaces, pockets of remnants deformation from wire-brushing (a necessary step in 
the ARB process) consisting of nano-size grains can be observed. For the details of the origin of these pockets, the 
reader is referred a previous study by the authors, ref. [22] and (iii) Surrounding these pockets are more equiaxial 
conventional polycrystalline grains with a wide range of grain size that are at least greater than 2 μm. In addition to 
these various components, it must be pointed out that shear banding is also apparent at an inclined angle to rolling 
direction, as arrowed in Figure 1(d).  These shear bands have clearly originated from the ARB process, and seem to 
span across layer interfaces and intersecting the ends of the aforementioned pockets of NC grains.  
 
A similar characterization process was also employed for the annealed samples, and it was found that up to an 
annealing temperature of 100oC there is no noticeable change in the microstructure. However, annealing at a 
temperature of 150oC has promoted grain growth, leading the grain size into the conventional polycrystalline 
regime.  
3.2. Mechanical Response under Cyclic Loading 
Figure 3 shows the cyclic deformation responses of the 7 cycles ARB copper under load controlled tests at a peak 
stress of 90% of the yield strength. From a previous study [23], it is known that ARB materials suffer from a 
phenomenon where the ductility is reduced when annealing at low temperatures. The detail of such phenomenon is 
beyond the scope of this study. Terada et al. have discussed it in more detail in ref. [24]. To avoid the above 
phenomenon from interfering with the comparison and analysis of the load controlled tests, the representative curves 
for each annealing conditions are plotted versus fraction of life span in Figure 3. As mentioned in the previous 
section, the microstructure of the samples annealed at up to 100oC does not vary significantly, it can then be 
expected that the mechanical responses of samples annealed at 50 oC and 100 oC do not vary significantly from that 
of the as received samples. On the other hand, upon annealing at 150oC the samples exhibit similar responses as 
conventional copper as expected due to the conventional polycrystalline grain size. Since the focus of this study is 
Figure 3: Cyclic deformation response of 7 Cycles ARB OFHC copper after various annealing conditions and fully annealed conventional 
OFHC copper under load controlled cyclic loading. (a) Mean strain versus cumulative strain relationship demonstrating the cyclic creep 
behavior, (b) evolution of plastic strain accommodated per cycles (i.e. loop width). 
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on UF grained material, and both the microstructure and cyclic behavior have been shown to be similar to that of 
conventional copper, attention will not be placed on 150oC annealed samples for the rest of this study.  
  
Under the load control condition with the non-symmetrical loading waveform, the as received and low 
temperature annealed samples exhibit noticeable cyclic creep behavior, as shown in Figure 3(a)., The change in 
mean strain along the life span represent the cyclic creep behavior of the sample, and the slope would then be the 
cyclic creep rate. The stage I to stage II transition of creep behavior is shown to be very early on in the cyclic 
lifespan. Furthermore, most of the cyclic creep behavior within the life span seems to fall into the stage II regime, 
i.e. it occurs at a similar cyclic creep rate. From Figure 3(b), it can be said that under load controlled cyclic loading, 
the plastic strain accommodation per cycle is very small (~1 x 10-4). However, there is a noticeable increase in the 
plastic strain accommodation values through the life span, demonstrating the cyclic softening behavior of these 
samples in the as received or low temperature annealed (100oC) conditions.  
 
In order to investigate the cyclic behavior of these samples under a higher plastic strain, total strain controlled 
tests have been performed on the as received as well as 50oC and 100oC annealed 7 cycles ARB copper samples at 
various different total strain ranges. Plots representing the stress relaxation behavior and the overall cyclic behavior 
of the various conditions are presented in Figure 4. In order to compare tests under different total strain amplitude, 
the plots in Figure 4 are plotted against cumulative strain rather than life span fraction as in the load controlled tests. 
Similar to the behavior reported under load controlled tests, an overall softening behavior can be observed. The 
stress relaxation behavior, Figure 4 (a), is shown by a sharp decrease in the mean stress to a certain saturation level 
early in the cyclic life span. The trend of change in plastic strain accommodation, as shown in Figure 4(b), 
demonstrates a cyclic softening behavior similar to that of the load controlled tests. Most surprisingly, other than the 
cyclic tests with an total strain amplitude of 1.7 x 10-3, the softening rate seems to be similar for all samples with 
larger strain amplitudes, that is the slope of the curves are similar in all cases.  
Figure 4: Cyclic deformation response of 7 Cycles ARB OFHC copper after various annealing conditions under total strain controlled cyclic 
loading. (a) Mean stress versus the cumulative strain relationship demonstrating the stress relaxation behavior, and (b) evolution of plastic 
strain accommodated per cycles (i.e. loop width)  
3.3. Microstructure after Cyclic Loading 
A comparison of an OFHC 7 cycles AR samples before and after total strain controlled cyclic loading using 
ECCI technique is presented in Figure 5. A significant change in the microstructure upon cyclic deformation is the 
increase in the area fraction of the large grains. This is evident within this specific location in the sample, see 
Figures 5(a) and (b). The area fraction of the equiaxial conventional grain component versus the cumulative strain 
incurred for some representative samples is presented in Figure 6. Although no unified trend can be concluded for  
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Figure 5: Comparison of microstructure and surface features, from ECCI, of an OFHC 7 Cycles AR sample of the long transverse side (a) 
before and (b) after cycling under total strain controlled test at a total strain amplitude of 3.1 x 10-3 to failure (İcum = 5.5). Grains coarsened at a 
pre-existent shear band are arrowed in (b). (c) and (d) show a high magnification view of conventional size grains at another location before 
and after cyclic loading, respectively. 
Figure 6: The area fraction of conventional polycrystalline grains in various 
samples versus the cumulative strain incurred during cyclic loading.  
106 C.C.F. Kwan, Z. Wang / Procedia Engineering 2 (2010) 101–110
 Zhirui Wang et al./ Procedia Engineering 00 (2010) 000–000 7 
the rate of grain coarsening, it is obvious that for all the samples analyzed, grain coarsening indeed occurs during 
cyclic loading, whether under load controlled or strain controlled tests. Furthermore, the rate of increase in area 
fraction seems to be dependent on the initial area fraction as well as the cumulative strain incurred. Grain coarsening 
specifically along the shear bands can also be seen, as arrowed in Figure 5(b). Aside from the increase in 
conventional grain size area fraction, surface damage due to shear banding is also apparent, see Figure 5. 
Specifically, the shear banding damage is to be more prominent in locations near the necked region, i.e., the strain 
localization areas. Another surface feature showing cyclic damage is the noticeable slip bands steps observed in the 
conventional grains surrounding the pockets of NC grains, shown in Figure 5 (c) & (d), which is the evidence of 
dislocation activities within these large grains.  
 
Since there are certain limitations to the ECCI technique, higher magnification analysis were carried out under 
the TEM, the resulting micrographs before and after cyclic loading is shown in Figure 7. From a comparison for 
Figure 1 and Figure 7 it is obvious that reconfiguration of the dislocation structures occurred during cyclic 
deformation. The less stable dislocation structures observed in the as received samples have rearranged itself into a 
more stable dislocation cell structure. This reconfiguration event is indicated by the cleared grain interior with well 
defined cell walls. Similar to the ECCI results, the observation of the dislocation walls in the conventional grains 
surrounding the NC grained pockets further confirms the dislocation activity within these larger grains, as seen in 
Figure 7(c).  
Figure 7: TEM micrographs of  strain controlled test at a total 
strain amplitude of 3.1 x 10-3 to n the conventional grains. 
7 Cycles OFHC AR sample (a) before, and (b) after cyclic loading under total
 failure (İcum = 5.5).  (c) shows the formation of dislocation walls withi
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onent is very likely to be the conventional grains. The plastic strain 
accommodation, or in this case dislocation activity, is clearly shown by the formation of slip steps on the surface 
wh
the large grains component can accommodate in the entire sample would then be dependent on its 
volume fraction within the system. It should be noted that in the current study the area fraction of each component is 
used, because the area fraction and volume fraction should follow a constant relationship. Although the noted grain 
coarsening phenomenon itself may not be a plastic strain accommodation mechanism, the increase in the volume 
fraction of these large grains due to grain coarsening indirectly increases the ability of the material to accommodate 
plastic strain.  
 
Grain coarsening also has its effect on the responses of the sample to the cyclic loading. On the one hand, the 
larger volume fraction of coarsened grain would lead to a softening phenomenon as seen in the trend of loop width 
in the case of load controlled test (see Figure 3(b)) and the stress amplitude in the case of strain controlled test (see 
Figure 4(b)). Höppel et al. [14,17] and Mughrabi & Höppel. [16] have also attributed similar cyclic softening 
behavior in their ECAP copper and aluminum to the grain coarsening within macro shear bands.  The grain 
coarsening process most likely would also contribute to the cyclic creep behavior observed. Gaudin & Feaugas [25] 
and Yang & Wang [26] have shown that the occurrence of cyclic creep can be attributed to the dissociation of 
dislocation walls in conventional copper. Furthermore, the initiation of the grain coarsening process involved during 
cyclic loading of ARB material is most likely due to the cyclic strain applied. The gradual rotation of sub-grains 
upon annealing can lead to the disappearance of the boundary between and coalescence of two adjacent grains, as 
described in [27, 28], a similar process must be possible than from grain rotation due to an applied strain. 
Furthermore, having coarsened sub-grains beside mobile high-angle boundaries have been show to assist in the 
nucleation for recrystallization [28]. In fact, with the use of in situ TEM analysis, Jin et al. have shown a similar sub 
grain coarsening phenomenon induced from deformation, rather than thermal activation, of UF grained aluminum 
[29]. Similarly, Lukáš et al. have shown a slight increase in the average grain size as well as a decrease in the 
misorientation angle of some sub grain boundaries, possibly in the process of coalescence, after cyclic loading [30].  
In other words, the occurrences of sub grain coalescence can affect the cyclic creep behavior and may also assist in 
the promotion of the dynamic recrystallization process during cyclic deformation. Another contributing factor to the 
observed cyclic creep behavior is likely to be the reconfiguration of the initial dislocation structure into the well 
defined dislocation cell structure seen in Figure 7(b).  The clearing of the grain interior is most likely due to the 
irreversible movement of dislocations into the cell walls, a similar phenomenon was observed in ECAP copper in 
[30]. The apparent thickening of the cell walls also attests to this explanation. The effect of this phenomenon is also 
enhanced due to the closeness of dislocations to obstacles, such as cell wall, grain boundaries, and other 
dislocations, in UF grained material. 
 
 
4. Discussion 
4.1. Coarsened grains and its relations to plastic strain accommodation 
From the observation of the as received microstructure, one can defined the microstructure of the ARB copper in 
the present study as a composite containing 3 different components. The 3 components would be: the matrix with 
grain size in the UF grain regime, the pockets of NC grains, and the conventional equiaxial grains. When such a 
composite is subjected to cyclic loading, it is very likely that the component that can accommodate strain with ease 
would do so first. In the current study this comp
en view under the SEM (i.e. in Figure 5), as well as the observed slip bands under TEM (i.e. in Figure 7(c)). 
Different from the status in the large grains, it is highly unlikely that such dislocation patterns will form in the other 
two components due to the constraint among the adjacent grains when the grain size of these two components is less 
than 1 μm [1,6]. It can be argued that the amount of plastic strain that a single large grain can accommodate would 
be dependent on the volume fraction of dislocation pattern that can be fitted within the confines of the grain 
boundary. Therefore the amount of plastic strain accommodated within that grain would be dependent on its size: i.e 
the larger the grain size, the bigger the potential of the grain to house plastic strain. As a whole, the amount of 
plastic strain 
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 grains to accommodate the imposed cyclic 
strain, shear bands were also activated as evidenced by the surface damage feature shown in Figure 5. Observation 
of
 by each shear band is lowered. The existence of such strain localization sites is also likely to have 
led to dynamic recrystallization and the formation of the large grain components. Furthermore, the larger grain 
co
n them.  
. Grain coarsening is observed when the samples are subjected to cyclic loading both in load controlled tests 
and in strain controlled test. It is believed that grain coarsening indirectly leads to cyclic creep behavior and 
the cyclic softening behavior observed via the increase in volume fraction of large-sized grains capable of 
developing slip bands within them.  
4.2. Activation 
Other than the increase in the volume fraction of the conventional size
 surface damage due to shear bands is not unique to ARB material but commonly reported among studies of 
ECAP materials as well under cyclic loading (e.g. [6-13]).  In this study, the surface damage seems to have 
originated from the activation and development of pre-existing shear bands that had formed during processing, 
which is similar to the observation in [15]. It is hard to deny the possibility of the nucleation of new shear bands due 
to strain localization during cyclic loading. However it seems unlikely in the case of ARB copper in the current 
study, since the amount of shear bands that are within the as received material is already large prior to cyclic 
loading. The shear bands observed in the as received samples were similar to those described by Lukáš et al. in ref. 
[6], where entire layers of grains seems to have glided toward the shear plane. Upon cyclic loading, no evidence of 
developed macro shear banding can be seen. However, different from the observations of Kunz et al. [10] and Wu et 
al. [12], in the current study grain coarsening along slip bands has also been observed clearly. Although the 
formation of a better defined macro shear bands have not been observed, it is likely that the shear band in the current 
study have only begin to form and did not have time to develop prior to total failure. Contrarily, the amount of 
plastic strain accommodated in each cycle is in a similar range to those used by Furukawa et al. [31], and the 
cumulative strain incurred prior to failure in the current study is larger, yet Furukawa et al. have observed macro 
shear banding developed during cycling in their ECAP copper. Due to the nature of ARB materials, it is plausible 
that the strain is not just concentrated in a few of these shear bands as in ECAP. Instead, due to the composite nature 
of ARB copper’s microstructure, it can be said that there are many strain localization sites available, such as the 
interface between the NC grained pockets, the matrix and the larger grains. Therefore, in such materials, the strain 
accommodated
mponent also accommodates certain amount of cyclic strain applied to the material. For the reasons described 
above, the macro shear banding process would be less likely to develop even when similar cumulative strain is 
imposed through cycling.  
 
The observation from this study seems to support one of the two mechanisms proposed by Mughrabi & Höppel in 
[16], where macro shear banding is caused by the spreading of a small region of coarsened grains in the maximum 
stress direction. The spread of such coarsened grain region is most likely due to the deformation incompatibility 
between the coarsened grains and the still UF grained matrix which lead to strain localization in the relatively 
weaker large grain regions and the propagation of such a region in to a macro shear band [16]. As Höppel et al. have 
pointed out, in order for coarsening to occur under cyclic loading, a sufficient amount of dislocation motion is 
necessary [17]. As strain localization under cyclic loading is likely to have occurred within these already established 
shear bands from the ARB process, it is then likely the pre-existent shear bands are prime location for sub-grain 
rotation leading to dynamic recrystallization, as described in the previous section. In fact, since strain is localized 
with in the shear bands, it is probably likely that dynamic recrystallization occurs more frequently, if not almost 
wholly, at these pre-existent shear bands.  
5. Conclusions 
From the systematic analysis of the cyclic deformation behavior of UF grain OFHC copper processed through 7 
cycles of ARB, the following statements can be concluded: 
 
1. Due to the composite nature of the microstructure in the as received ARB copper, the conventional equiaxial 
grains, i.e. the large grains, are able to accommodate a fraction of the applied cyclic plastic strain through the 
development of slip bands withi
2
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s the activation of pre-existing shear banding are 
responsible in parts to the plastic strain accommodation mechanism under cyclic loading.  
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3. There are clear evidences that both grain coarsening as well a
4. Among the three strain accommodation mechanisms, i.e. slip in process-induced large grains, the grain 
coarsening during cycling and the further development of shear bands, slip band formation in the pre-existing 
large grains is confirmed to be the first to activate; whereas the question on which of the remaining two 
mechanisms occurs first is still under review. 
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